Vertical slot fishways are a type of fish pass of wide operating range that allows fish to move 5 across obstacles in rivers. This study aims to model the performance of these structures, under 6 uniform and non-uniform flow conditions, using discharge coefficients involving the 7 downstream water level together with a logical algorithm. This will allow to explain the 8 hydraulic behavior of this type of fishways under tailwater levels and flow variations on 9 rivers. Two vertical slot fishways located in Duero River (North-Central Spain) subject to 10 different hydraulic conditions were studied for the validation of the proposed formulation. 11
Introduction 20
Loss of longitudinal connectivity by man-made obstructions is one of the main ecological 21 problems in regulated rivers (Nilsson et al. 2005 ; Branco et al. 2012 ). This issue particularly 22 affects migratory fish, which require different environments for the principal stages of their 23 life cycle (Porcher and Travade 2002) . However, the social benefits of these obstacles make it 24 impractical to remove them and often, the only way to restore longitudinal connectivity, at 25 least partly, is by building fish passes (Wang et al. 2010; Calluaud et al. 2012) . 26
One of the most widely used fish passes are vertical slot fishways (VSFs). These structures 27 are widespread mainly due to their capacity to cope with different flows (Tarrade et al. 2011 ) 28 and their versatility regarding the water depth available for upstream fish movement (Liu et 29 al. 2006) . VSF consists on an open channel divided into a number of pools by cross-walls 30 equipped with vertical slots. This configuration divides the total height of the obstacle into 31 small head drops (ΔH) and forms a jet at slots, the energy of which is dissipated by mixing in 32 pools (Liu et al. 2006) . In both equations the discharge coefficients (C 1 and C 2 ) depend on the relative position of the 51 water levels (upstream and downstream (h 2 )) and the geometry of the VSF, while g stands for 52
the acceleration due to gravity. 53
In 1986 and 1992 Rajaratnam et al., by using the geometry of the slots, proposed the use of 54 dimensionless relationships to describe discharge in VSFs (Eq. (3) and Eq. (4)). 55
where β 0 and β 1 depend on the geometry of the VSF, h 0 is the mean water depth (measured at 58 the center of the pool), S is the slope and Q* is the dimensionless discharge. These 59 relationships have widely been used (Puertas et al. 2004; Cea et al. 2007 ) and modified (Wu 60 et al. 1999; Kamula 2001) . 61
Given the variability in the factors that describe their flow, VSFs behave differently both 62 amongst them and throughout time. Consequently, it is a common practice to simplify their 63 study by using geometrically perfect laboratory models with uniform flow conditions, where 64 ΔH is the same in all the slots and equal to topographic difference between slots (Δz) 65 These operational characteristics are difficult to achieve under laboratory conditions and, even 68 more, in real-world conditions. In many cases, due to an inaccurate execution or simply 69 because the ideal working situation is never encountered, fish passes will work under non-70 uniform flow conditions which may decrease their efficiency for fish passage. 71
In order to overcome these limitations, the present study aims to improve the modeling of 72 VSFs' hydraulic performance using the equation proposed by Villemonte (1947) 
Materials and Methods 78

Experimental Arrangement and Experiments 79
Experiments were conducted in two VSFs of Hell's Gate type designed by the Group of 80 the Duero River (North-Central Spain). In the first one (VSF1 -41º37'N, 4º6'W) a succession 82 of 27 slots were studied (n=27), while in the second one (VSF2 -41º38'N, 3º34'W) a 83 succession of 12 (n=12). 84
The geometrical parameters of the VSFs were measured by topographic surveying (Fig. 1) . 85 showed the suitability of similar expressions in the description of the functioning of VSFs.scenarios, taking into account the specific geometrical characteristics of each slot, it is 119 necessary to perform an iterative bottom-up calculus considering the discharge through the 120 fishway (Q fishway ) (or the headwater level (h 1,1 )) and h 2,n (Fig. 2) . 121 The fit of the proposed discharge equations was evaluated using r-squared (r 2 ) with data 131 collected both from the specialized literature and field measurements (Fig. 3) . The 132 comparison of the predicted water depth profiles using the algorithm and each of the adjusted 133 equations was carried out by comparing the mean relative errors (MRE) for each scenario. Fig. 3 shows the fitted curves for the proposed equations. All of them represent part of the 137 observed variability due to S for the different VSF models (Wang et al. 2010) ; either because 138 they describe the variability of ∆H (or h 2 ), which in uniform settings is determined by S (Fig.  139   3 (a and b) ) or because S is included in the equation (Fig. 3(c) and Eq. (3) 
Discharge Equations 136
144
As h 2 /h 1 approaches zero (h 2 tends to 0), h 1 will reach the critical water depth while C 1 and C 2 145 will tend to a constant value. C 1 explains well the variability due to h 2 . Regarding C 2 , despite 146 the small r 2 , it provides satisfactory results when the water depth and head drop profiles of the 147 fishway are simulated (Fig. 4) . This is because Eq. (2) considers, partly, the effect of the 148 water level distribution (by means of ∆H) providing, even when using a constant value for C 2 , 149 more satisfactory results, under non-uniform situations, than the other discharge equations. 150 The variability of water depth is explained by Eq. (4) by means of h 0 , and thus provides a 156 higher r 2 than the other adjustments ( Fig. 3(c) ). Furthermore, Eq. (4) dismisses all the 157 variability provided by h 2 , making it only possible to explain strictly uniform flow conditions 158 (Rajaratnam et al. 1986 ). In order to interpret non-uniform scenarios, it is interesting to adapt 159 data from the literature to include variables such as h 2 as shown in Fig. 3(a) (model 3 and 16) . 160
Water depth and head drop profiles 161 able to describe well the observed ΔH profiles (Fig. 4(a) ) and are capable of capturing 165 changes in h 2,n (MRE for all experiments of 8.88% and 8.93%, respectively). However the 166 dimensionless equations (Eq. (3) and Eq. (4)) do not simulate properly the observed values as 167
shown by the high MRE for ∆H (40.25%). 168
Regarding h 1 (Fig. 4(b) ), weir and orifice equations predict a similar profile to the one 169 observed (MRE of 1.87% and 2.17%, respectively). With the dimensionless equations, the 170 
